and dispersion effects induced by a barrier to avoid the computational burden of mechanistic 5 CFD models, which have their own set of parameterizations. It is designed to be incorporated 6 into routinely used models such as AERMOD (Cimorelli et al., 2005) or RLINE (Snyder et al., 7 2013) . In this paper, we evaluate the model with field data collected next to a real world roadside 8 barrier to answer the question: Can a model developed with data from controlled experiments 9 conducted with well-characterized sources and meteorology be used to estimate the impact of a 10 road-side barrier next to a multilane highway on which the magnitudes of the distributed sources 11 are highly uncertain? 12
2.
Field Study 13
Site description 14
The field study was conducted adjacent to CA-60, U.S. Interstate 215 (I-215) in 15 Riverside, California. The highway has a barrier section located on the University of California, 16
Riverside campus ( Figure 1 ). The freeway has average traffic flow rate of 200,000 vehicles/day. 17 The meteorological data collected from UC Riverside Meteorological Station, which is 1 km 18 away from the barrier site, indicates a dominant wind from west/southwest during the daytime as 19 shown in Figure 2 . Thus, the wind blows close to perpendicular to the freeway during the 20 daytime, which makes it convenient to study barrier effects during daytime unstable conditions. 21
During the night, the wind blows from east, and the barrier is located upwind of the road. 
5
The barrier, which is 3 m away from the edge of the road, is 4.5 m high and 1 km long. 6
There are three lanes and one High Occupancy Vehicle (HOV) lane on the north bound side and 7 M A N U S C R I P T
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four lanes and one HOV lane on the south bound side of the freeway. There is an entrance to the 1 north bound lanes and an exit on the south bound side of the freeway. The lanes are 3.5 m wide 2 and the median is 10 m across. The freeway is at the same level as the adjacent streets. There is 3 no major source of pollution within a 3.5 km radius of the barrier site except the freeway. The 4 heading of the freeway is 140°. Therefore, the wind direction perpendicular to the freeway is 5 230° true to north. Two parking lots are located behind the barrier, which provide convenient 6 locations for sampling. 7
The largest obstacles in the parking lots downwind of the barrier are widely scattered 8
trees. There are no other major obstacles within 170 m of the barrier. A 2-lane street, West 9 Campus Drive, runs parallel to the freeway between the parking lots. The street is mainly used to 10 access the parking lots and the traffic is mainly passenger cars travelling during the morning 11 hours, 8 A.M. to 10 A.M., and in the evening, 4 P.M. to 6 P.M. Another parking lot extends for 12 300 m west of the freeway. There is no major obstacle in this parking lot and trees are sparser 13 and shorter than in the eastside parking lots. 14
Measurements 15
Ultrafine particles (UFPs) were used as the tracer in this study for several reasons. First, 16 because they have adverse health effects, the levels of UFP concentrations next to a major 17 highway are of public interest. Second, their concentrations next to major highways are well 18 above background levels, and can be measured continuously with readily available instruments. 19 Gidhagen et al. (2005) and Zhang et al. (2004) show that at the 100 m scale being considered 20 here, deposition and coagulation play a minor role relative to turbulent dispersion in reducing 21 particle number concentrations. Thus, UFP can be treated as a passive tracer by using particle 22 number concentrations to characterize dispersion. One major problem with using UFP as a 23 tracer is that UFP emission factors from vehicles are highly uncertain. Thus, it is necessary to 24 treat the emission factor as an unknown whose value is obtained by fitting model estimates to 25 measurements. This process is discussed in more detail in a later section. 26 Fifteen tests were conducted on different days and at different times of day from July 27 2014 to May 2015 but due to the malfunction of instruments and unfavorable meteorological 28 conditions, only six tests were selected for analysis. Table 1 shows the dates and duration of 29 measurements. The total duration of the 6 tests is 27 hours. 30 concentrations is ±10%. The CPC concentrations were stored on a custom-designed data logger. 7
Several CPCs were used to measure background UFP concentrations and downwind UFP 8 concentrations at several downwind distances. A CPC was placed at the upwind side of the 9 freeway (assuming that the wind is blowing WSW) to measure background UFP number 10 concentrations. The rest of the CPCs were deployed behind the barrier (Figure 3 ). The downwind 11
CPCs were placed at least 250 m away from the barrier edge to avoid barrier edge effects. CPC 12 locations were changed from one test to another to avoid any systematic bias in measurements. 13
The background concentrations were subtracted from the downwind concentrations to estimate 14 contributions from vehicles on the highway. 
Experimental Results 5
The wind direction during all the tests was within 45° of perpendicular to the freeway. 6
The wind direction perpendicular to the freeway is 230° true to north. The meteorological 7 conditions used to analyze the data correspond to the upwind 3-D sonic anemometer, which are 8 shown in Table 2 . The air quality data, micrometeorological data, and traffic data were averaged 9 over 30-minute periods for analysis. 10 Notice that the surface boundary layer was unstable even during tests 2, 3, 4, which were 17 conducted in the late evening and night when the sun had set. Tests 5 and 6 were conducted in 18 near neutral conditions. Winds were moderate and the wind direction was steady. Wind 19 directions were almost always favorable during these two tests. Skies were mostly cloudy in test 20 5 and partly cloudy in test 6. 21
The meteorological data measured by the UCR meteorological station ( Figure 2 ) were 1 consistent with the on-site sonic anemometer data, which indicated that the upwind anemometer 2 was not affected by local obstacles. 3
The background concentrations were subtracted from the downwind concentrations in 4 analyzing the UFP concentrations. The background concentration was around 10 ସ #/cm 3 . Figure  5 4 shows the spatial distributions of the averages over the concentrations measured in the six tests. 6
The concentrations always decrease with distance behind the barrier and do not show the peak 7 away from the barrier observed by Ning et al. (2010) . We next examine whether these 8 concentration measurements can be described with a dispersion model that was evaluated with 9 data from controlled experiments conducted in the wind tunnel (Heist et al., 2009 ) and in the 10 tracer field study (Finn et al., 2010) . 11 
Framework for the barrier models 3
The model (Schulte et al., 2014) used to interpret the data assumes that the concentration 4 is well-mixed from the surface to the barrier height, and the concentration profile then follows a 5
Gaussian distribution above the barrier height with the maximum concentration occurring at the 6 barrier height, as shown in Figure 5 . We can then express the surface concentration associated 7
with an infinitely long line source as: 8 
where ‫ݑ‬ * is the surface friction velocity and ‫ݔ‬ is the distance of a receptor from the barrier. 7
Equation 1 then becomes 8
where ܽ is 0.71. 9
Since the width of the road is comparable to the downwind distances being considered 10 here, we treat the road as an area source with width W. Then, the concentration at a downwind 11 distance x from the barrier becomes: 12
13
This simple model, which applies primarily to neutral conditions, serves as a reference 14 model whose performance against observations will be compared with that of a modified 15 version. 16
Modified mixed-wake model 17
The distance, starting at values below unity just downwind of the barrier and approaches unity at 4 large downwind distances. ݂ is taken to be: 5
6 where ݂ , the entrainment factor at ‫ݔ‬ ൌ 0, is taken to be: 7
where ‫ܮ‬ ௦ ൌ ‫ܪ01‬ and ‫ܪ‬ is the barrier height. ݂ decreases as the absolute value of Monin-8
Obukhov length decreases. 9
The third modification is the effect of barrier on surface friction velocity. Surface friction 10 velocity is enhanced based on an empirical model for the development of a neutral boundary 11 layer after a roughness change, 12
where the effective roughness of the wall is taken to be ‫ݖ‬ ௪ ൌ ‫.9/ܪ‬ 13 Assuming that the barrier does not modify the upwind heat flux, the Monin-Obukhov 14 length is taken to be proportional to ‫ݑ‬ * ଷ . Then, the Monin-Obukhov length behind the barrier is: 15
The velocity below the barrier height is assumed to be uniform with height given by its 16 value at ‫ݖ‬ ൌ ‫.ܪ‬ With these parameterizations, the surface concentration can be expressed as 17
where ‫ܥ‬ ௫ is the maximum concentration is 20
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In this equation, ܷሺ‫)ܪ‬ is the velocity at barrier height, ‫‬ ଵ ൌ ሺ‫ܪ‬ − ‫ܪ‬ )/√2ߪ ௭ , ‫‬ ଶ ൌ ሺ‫ܪ‬ 1 ‫ܪ‬ )/√2ߪ ௭ , and ‫ܪ‬ is the height of maximum concentration, taken to be: 2 The performance of the models are evaluated using the geometric mean (݉ ), standard 25 deviation of the residuals between the observations and predictions ‫ݏ(‬ ), the fraction of data 26 points that lie within a factor of two of the observations (fact2), and the correlation coefficient 27 between the observations and predictions ‫ݎ(‬ ଶ ). The geometric mean and standard deviation are 28 defined as: 29
where ߳ ൌ ln ‫ܥ‬ ௦. − ln ‫ܥ‬ ௗ. is the residual between the observed concentration and the 1 predicted one, and ܰ is the number of data points. 2
The performance of the models using the average emission factor for the six tests is 3 shown in Figure 6 . The ‫ݎ‬ ଶ are similar for the two models using a barrier height of 4.5 m. 6 M A N U S C R I P T
To distinguish between the two models, we investigated the sensitivity of model 1 performance to different barrier heights using fractional bias (Chang & Hanna, 2004 ) to measure 2 their relative performance. Figure 7 shows the fractional bias versus barrier heights for both 3 models. The bias is close to zero for both models when the barrier height is close to its actual 4 value of 4.5 m, which indicates that both models capture the essential effects of barriers on 5 downwind concentrations. The simpler barrier model is more sensitive to barrier height, 6 reflecting the role of this variable in its formulation. It would be necessary to conduct 7 experiments with varying barrier heights to check whether this sensitivity is real. . 
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Summary and Conclusions 1
We used data from a field study to evaluate a dispersion model that parameterizes the 2 effects of roadside barriers on dispersion. This model was developed using data from 3 experiments conducted in the wind tunnel and measurements from a tracer study in which 4 concentrations were sampled simultaneously downwind from two line sources, one behind a 6 m 5 barrier and the other located in open terrain. The primary question this paper addresses is 6 whether a semi-empirical dispersion model based on data from controlled experiments can be 7 used to interpret data collected downwind of a sound barrier next to a real-world urban highway 8 with distributed sources whose magnitudes are uncertain. 9
Six tests were conducted next to a congested freeway, which had several factors that 10 aided the interpretation of the data: 1) absence of a major source of pollution, except the freeway, 11 in the neighborhood, 2) absence of a major obstacles on the east and west sides of the freeway, 12 except the noise barrier, 3) absence of a busy street behind the barrier, 4) presence of a single 13 barrier downwind of the freeway, and 5) presence of parking lots on both sides of the freeway to 14 provide the opportunity to place several CPCs to measure UFP concentrations. 
